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ABSTRACT 
Joint Design for Shock Mitigation
by
Gopi Nallani
Dr. Mohamed B. Trabia, Examination Committee Chair
Professor and Chairperson of Mechanical Engineering 
University of Nevada, Las Vegas 
and
Dr. Brendan J. O’Toole, Examination Committee Chair 
Associate Professor of Mechanical Engineering 
University of Nevada, Las Vegas
Smart projectiles carry various electronic components that can be damaged by 
severe shock loads. Propagation of shock from the region of initial loading to the 
locations of critical components can result in their failure. The objective of the research is 
to mitigate (absorb/reflect/disrupt, etc) the incident shock loading, including simulating 
set-back, set-forward and balloting loads on a projectile as it exits the gun muzzle and 
predicting the structural response of internal electronic components. A detailed finite 
element analysis of the projectile and internal components is presented. The effect of 
electronic component mounting location on peak acceleration and RMS acceleration has 
been studied.
Ill
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CHAPTER 1
INTRODUCTION
1.1 Background
At the first Shock and Vibration Symposium in 1947, mechanical shock was 
defined as "a sudden and violent change in the state of motion of the component parts or 
particles of a body or medium resulting from the sudden application of a relatively large 
external foree, such as a blow or impact" [14]. Since then the spécifié words used have 
changed somewhat but the meaning remains the same. Most analysts treat shock as a 
transient vibration. No matter how it is described or what source produced it, the effects 
of mechanical shock on structures and equipment ereate major design problems for a 
wide variety of systems.
Impact and shock to electronic components can cause significant functional and 
physical damage in the form of internal component failure or damage on the external 
housing. The components can be subjected to very large forces and aecelerations during 
impact and are dependent on factors such as mass, impact orientation and the surface of 
impact. Resulting stresses and strains induced can cause failure of the components. To 
avoid the cost and inconvenience associated with repair or replacement, such components 
must be able to acconunodate occasional severe impacts and yet sustain minimal damage.
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Therefore we are not only concerned with the physical ruggedness of the 
electronic components but also with the reliability to impact and shock [8].
Glossary of shock pulses:
The shock can be classified into two forms, namely classical shock and transient 
shock. There are numerous techniques for generating the various shock pulses. Classical 
Shock is a shock test performed using a time domain wave form that is either half sine, 
terminal peak saw tooth, triangular or trapezoidal in shape [4].
Half Sine - A shock pulse with an acceleration that varies in time in a manner that 
is proportional to a sinusoid defined from 0 to 180 degrees. The half sine pulse is shown 
in Figure 1.1.
I
O.
£
Time
Figure 1.1 - Half sine pulse [4]
Triangular - A shock pulse with an acceleration that ramps linearly to a maximum 
value and then ramps linearly back to zero (usually symmetrical). The triangular pulse is 
shown in Figure 1.2.
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I
a
I
Time
Figure 1.2 - Triangular pulse [4]
Terminal Peak Sawtooth - A shock pulse with an acceleration that ramps linearly 
to a peak and then drops off abruptly. The terminal peak sawtooth pulse is shown in 
Figure 1.3.
I
a.
E
<
Time
Figure 1.3 - Terminal peak sawtooth pulse [4]
Trapezoidal - A shock pulse with an acceleration that ramps to a maximum value, 
stays constant for a finite period and then ramps to zero (also called rectangular). The 
trapezoidal pulse is shown in Figure 1.4.
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I
<
Time
Figure 1.4 - Trapezoidal pulse [4]
The practice of shock testing using classical wave forms is generally not intended 
as a faithful simulation of real world shock events. The use of these wave forms has 
evolved largely as a matter of convenience. Shock pulses such as half sine, triangular and 
trapezoidal can be created in a repeatable manner with straightforward mechanical 
equipment. The equivalence of damage potential of these classical wave forms to real 
world shock events can be demonstrated through various analyses [4].
Transient Shock is a shock event with a wave form of arbitrary shape, usually 
resembling a short burst of random vibration. Transient shock has been implemented as a 
method of better simulating the real world shock events in the laboratory. Traditionally 
shock tests were performed using well behaved wave forms as produced by simple 
machines like shaker, digital controller and drop machine. With the advent of 
sophisticated digital signal controllers it has become possible to simulate real world 
shock transients using a vibration system [5].
During the last twenty years the U.S. Army has been developing “smart artillery” 
munitions. These munitions contain sophisticated embedded electronic systems. 
Unfortunately the artillery environment is extremely harsh. The munitions must operate 
in temperatures from -60° F to 160°F. The projectiles are subjected to a quasi-static axial
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
load in excess of 15,000 g’s augmented by a transient load of up to 5000 g’s [2]. The 
projectiles can spin at up to 300 revolutions per second and as the projectile travels down 
the gun barrel, it also is subjected to off-axis loads from impacts with the gun tube walls 
caused by balloting [2]. These electronic components should also be upgradeable and 
replaceable without replacing an entire subsystem of the projectile. These challenges 
present significant problems for the designers who typically resort to the use of numerical 
simulations to provide guidance on these issues. However, the complex nature of these 
structures present a particular difficulty to designers using finite element analysis to 
obtain quick and reliable answers to these questions.
A complete transient simulation of the launch event, including the projectile and 
its components can consist of millions of degrees of freedom and take several weeks to 
execute, even with the use of parallel processing techniques. Post processing the results 
may require a long time also [2].
The Army Research Laboratory (ARL) is developing techniques and 
methodologies for significantly reducing the run and processing time requirements for 
these simulations. The techniques that ARL are developing revolve around various forms 
of submodelling and/or global/local approaches. In these approaches, a global model is 
built that lacks substructure details. The substructures in the global model are represented 
by a structure with approximate mass and stiffness parameters. In a separate simulation, 
the loads measured between the global model and the simplified substructures are then 
applied to a detailed model of the substructure. This approach yields a good 
approximation to a comprehensive finite element model for quasistatic conditions, 
assuming reasonably accurate mass and stiffness approximations. However, if the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
structure is responding in a non-linear, transient fashion, the interaction between local 
and global are much more complex. In a transient simulation, there could be dynamic 
interactions between the detailed components and the global structure, which would not 
be predicted in a quasistatic analysis. An outgrowth of the above limitations is the need to 
construct an experiment for the projectile model and simulation of a very simple structure 
subjected to a series of loads from quasi-static to transient in duration. The development 
of the experiment and numerical model will lead to a much better understanding of the 
structural response of circuit cards to very short duration loads. A more representative 
projectile model could then be built which is more computationally efficient and 
physically accurate [I].
One of the difficulties facing the U.S. Army and its contractors is the specification of 
gun launch loads to component manufacturers prior to the final design of the projectile. In 
the past, pressure-time curves and peak acceleration values were provided to contractors, 
the peak values were used to perform static analysis and quasi-static centrifuge tests. The 
dynamics of the projectile structure [7], particularly during the muzzle exit transient, were 
neglected. As a result, programs like the U.S. Army’s Excalibur and SAD ARM 
experienced numerous failures of sensitive equipment during the early stages of 
development [I]. In the Excalibur program, several failures of sensitive equipment were 
traced to the muzzle exit event using break-wire tests. A simple method [I] was described 
for early predictions of acceleration along the projectile, it predicted the muzzle exit event, 
the locations of maximum and minimum acceleration along the projectile, and the joint 
loads. These Predictions can be used to place sensitive equipment or to design components 
that better resist the high, transient g-forces resulting from gun-firings.
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1.2 Objective of the Research
The current project was commenced as a cooperative venture between the 
University of Nevada, Las Vegas (UNLV) and the Army Research Laboratories (ARL). 
The goal is to develop a methodology to reduce transmitted shock loading to electronic 
components within an artillery shell during the launch phase (including setback and 
muzzle exit conditions).
At the initiation of this research, detailed solid model of the projectile was 
obtained from the U.S. ARMY ARDEC [12]. A 1-pound supported by a plate is 
incorporated within the projectile. The objective is to explore the ways to reduce the 
acceleration transmitted to the mass by conducting a transient Finite Element Analysis 
(FEA) of the launch conditions. The FEA model includes the projectile and gun barrel. 
The motion is divided into two phases: inside the gun barrel and outside the gun barrel.
The objectives of this research include:
1. Identify measures of transmitted accelerations to specific locations, such as:
• Peak acceleration
• RMS acceleration
2. Provide methodology for finite element modeling of projectiles with internal 
components.
3. Develop concepts to reduce shock transmissibility to a bulkhead-mounted I-lh 
rigid component by 25% compared to a baseline design.
The research explores ways to reduce the accelerations transmitted to this component 
by varying plate mounting location.
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CHAPTER 2
DESCRIPTION OF THE PROJECTILE
2.1 Background
Initially the projectile is placed inside the gun barrel. As the projectile is fired, it 
is subjected to extreme loads that move it forward within the gun barrel. The projectile 
mainly consists of five parts namely. Windshield, Nacelle, M795 Ogive, M795 Body and 
Bottom Nacelle. Some of these parts are threaded or holted. The electronic components 
of the projectile are located inside the nacelle. The total length of the projectile is 20.4 
inches. The maximum diameter of the projectile is 6.1 inches. A sectional view of the 
projectile is shown Figure 2.1.
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Windshield
Electronic i 
Component
Nacelle
M795 Bod
M795 Ogive
Bottom Nacell
Figure 2.1 - Sectional View o f Projectile with Electronic Components
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2.2 Simplified Model
The projectile consists of several complex components modeled in 
SOLIDWORKS. Incorporating all components of the projectile will result in an 
extremely complex finite element model. To avoid such difficulty, several modifications 
of the model are considered. The major modification is to eliminate electronic 
components and modify the mass of the nacelle accordingly. The bottom nacelle is 
replaced by a 1-pound mass, which is supported by a plate. The ogive geometry is 
modified to allow attaching plate to it. This simplified projectile. Figure 2.2, consists of 
mainly four parts. The simplified model has the following parts:
1. Windshield
2. Nacelle
3. M795 Ogive
4. M795 Body
10
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Y
‘H
AU units are in inches
Figure 2.2 - Sectional View of the Projectile
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2.3 Description of the Parts of the Simplified Projectile
2.3.1. Windshield
Windshield is placed to improve the aerodynamic performance of the projectile. It 
is made up of Ultem 2300 plastic. It is threaded on the top of the nacelle. Most of the 
material properties are obtained from the ARL, except the yield strength, which was 
obtained from a supplier’s website [3]. The properties and a picture of the 14 of the 
windshield are shown in Table 2.1.
Table 2.1 - Material Properties of Windshield [6]
A,
Ultem 2300 (30% glass)
Density = 1.42E-04 Ib/in^
Young’s Modulus = 8E+05 psi
Poisson’s Ratio = 0.4
Yield Stress = 24.5E+03 psi
Volume = 2.62 in
Mass = 0.1441 lb
12
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2.3.2 Nacelle
Nacelle is a streamlined enclosure for sheltering the electronic components of the 
projectile. It is made up of Aluminum 7075-T6511. The electronic components of the 
projectile are placed inside cups. These cups are arranged in the nacelle as shown in 
Figure 2.3. To make the analysis simpler, these electronic components are not being 
considered individually while the total mass of the nacelle is maintained. A description of 
the electronic components is given below and the mass and volume of each component 
are listed in Table 2.4.
Nacelle
Klectroinc 
Components I
Figure 2.3 - Electronic Components Inside Nacelle
13
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2.3.2.1 Mass Calculations of Electronic Components
The details of these electronic components are shown in Figure 2.4. The following 
is a list of these components.
1. Antenna/Antenna Ring - Antenna and Antenna Ring are used to transmit and 
receive signals.
2. Cylinders - The cylinder holds the cups and lids.
3. Accelerometer Cup - This cup contains the accelerometer, which is used to 
measure acceleration
4. Lid 1 - A removable or hinged cover for the Mux Cup.
5. Mux Cup - This cup contains the electrical parts.
6. Lid 2 - A removable or hinged cover for the cylinder.
7. Lid 3 - A removable or hinged cover for the Battery Cup.
8. Battery Cup - This cup contains the hattery.
9. Lid 4 - A removable or hinged cover for the cylinder.
10. Potting -  All voids are filled with potting.
Mass calculations are discussed in Table 2.2.
14
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I Antcnna/AiUcnna
Ring
Cylinder 4
Accelcromctci
Lid 1
I Potting
Cylinder 3
Mux Cup
Cylinder 2
Battciy CupCylinder I
Figure 2.4 - Details of Electronic Components
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Table 2.2 - Mass calculations for nacelle along with electronic components
Part Density(Ib/in^)
Volume
(in')
Mass
(lb)
Antenna/Antenna Ring 0.101 4.95 5.00E-01
Cylinders 0.101 6.52 6.59E-01
Accelerometer Cup 0.101 4.66 4.71E-01
Lid 1 0.101 0.91 9.19E-02
Mux Cup 0.101 0.69 6.97E-02
Lid 2 0.101 1.22 1.23E-01
Lid 3 0.101 1.25 1.26E-01
Battery Cup 0.101 1.94 1.96E-01
Lid 4 0.101 0.62 6.26E-02
Potting 0.101 2.82 2.03E-01
Nacelle 0.101 83.78 8.46E+00
Total Mass = 10.96
As we are adjusting the density without changing the volume, therefore volume of 
electronic components is not considered.
Volume of nacelle = 83.78 in
We know that.
Density  =
M ass
Volume
Density =
10.96
83.78
Density = 1.31E-01 Ib/in^ 
Data of the nacelle material is listed in Table 2.3.
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Table 2.3 - Material Properties of Nacelle [6]
A
Aluminum 7075-T6511
Density = 3.39E-04 lb/in
Young’s Modulus = 1.04E+07 psi
Poisson’s Ratio = 0.33
Yield Stress = 68E+03 psi
Tangent Modulus = 185,185 psi 
Volume = 83.78 in^
Mass = 10.96 lb
2.3.3 M795 Ogive
This part protects the payload from heat during its passage through the 
atmosphere. It is made up of 4340 steel. This part is modified to incorporate the plate 
from the original design. The plate rests inside the ogive on the groove. Initially this part 
had a groove in the axial direction. In order to incorporate the plate and mass at the 
bottom of the ogive, this groove is removed. The inner diameter of the ogive is machined 
to allow the plate placement. Data of the M795 Ogive material is listed in Table 2.4.
17
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Table 2.4 - Material Properties of M795 Ogive [6]
4340 Steel
Density = 7.32E-04 lb/in
Young’s Modulus = 2.9E+07 psi
Poisson’s Ratio = 0.32
Yield Stress = 120E+03 psi
Tangent Modulus = 5.21E+04 psi
Volume = 101.77 in^
Mass = 28.801 lb
2.3.4 M795 Body
This is the bottom part of the projectile. It is made up of 4340 steel. Data of the 
M795 Body material are listed in Table 2.5.
Table 2.5 - Material Properties of M795 Body [6]
4340 Steel
Density = 7.32E-04 lb/in
Young’s Modulus = 2.9E+07 psi
Poisson’s Ratio = 0.32
Yield Stress = 120E+03 psi
Tangent Modulus = 5.21E+04 psi
Volume = 157.85 in
Mass = 44.483 lb
18
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2.3.5 Plate and Mass
The plate is a flat piece of 0.2 inches thick steel. The mass is a cylinder. The 
main function of mass is to represent a payload. The plate and mass are made up of 4340 
steel. The mass is supported by the plate. The plate and mass are assumed to be fully 
attached. The height of the mass is calculated using the radius, mass and density.
2.3.5.1 Volume Calculations of Steel Cylindrical Mass
As we are incorporating a one-pound mass of 2 in diameter and as the material is 
steel. Therefore the volume can be calculated from this data.
Radius = 1 in 
Specific Weight = 0.283 lb/in '
Weight = 1 lb
Since,
Specific Weight =
Volume
Substituting in the above equations.
0.283 ^
# r ^ h
(0.283) ( l y ^
A = 1.125 in
19
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Table 2.6 - Material Properties of Plate [6]
4340 Steel
Density = 7.32E-04 Ib/in^
Young’s Modulus = 2.9E+07 psi
Poisson’s Ratio = 0.32
Yield Stress = 120E+03 psi
Tangent Modulus = 5.21E+04 psi
A
Volume = 1.92 in^
Mass = 0.54 lb
Table 2.7 - Material Properties of Mass [6 ]
4340 Steel
Density = 7.32E-04 Ib/in^
Young’s Modulus = 2.9E+07 psi
Poisson’s Ratio = 0.32
Yield Stress = 120E+03 psi
Tangent Modulus = 5.21E+04 psi
Volume = 3.53 in'
Mass = 1 lb
Physically the plate is threaded to ogive. Initially the use of nuts and bolts to 
connect the plate to ogive has been studied. The threaded stresses and bearing stresses 
were analyzed. The calculations are being discussed in the section 2.3.5.2.
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2.3.5.2 Determination of number of screws for the plate & ogive
In order to determine number of screws required for the assembly, a mathematical 
equation is used [15]. The sum of the tightening force and external force should not 
induce permanent deformation in the screws.
^tightening ^external ^  ^ t  *
Where A, is tensile stress area of the thread (in^) and Sy is the yield strength of the 
material (ksi)
The screws should be ideally tightened to produce an initial tensile force, 
t̂ightening ’ nearly equal to the full proof load, which can be defined as the maximum
tensile force that does not produce a normally measurable permanent set. The initial 
tensions are commonly specified in accordance with the equation
Sp -  Proof strength of the material (ksi)
At -  Tensile stress area of the thread (in^) 
k -  Constant, ranges from 0.75 to 1.0, for static loading 0.9
We are considering 0#80 threads with major diameter of 0.06 inches because of 
the space limitation at the ogive as shown in Figure 2.5. The zoomed view of the plate 
attachment to ogive with screws is shown in Figure 2.6.
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Figure 2.5 -  Plate and Ogive Attached with Screws
Figure 2.6 -  Zoomed View of Plate Attached to Ogive with Screws
22
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The proof strength of the material for 0#80 threads is 30 ksi [15]
Sp = 30ksi
The tensile stress area of thread for 0#80 threads is 0.0018 in2 [15]
A, =0.0018m^
The constant for static loading is 0.9 [15]
k = 0.9
The tightening force is calculated as follows
Ftightening = k * A, * S p
= (2.06E + 08) * (1.16£ -  06) * (0.9)
= 215.064V
The external force is the ratio of the total force applied to the number of screws, N.
p
p  _  total
^external ^
Where n is number of screws required to hold the ogive and plate together. 
The total force is mass times acceleration. The total force is calculated as
Ftota, = m *a
Where m is the mass of the Component (pounds) and a is the acceleration (in/sec^). The 
acceleration of 5000 g’s is the average value considered because the peak load is applied 
for very little time.
23
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m = lib 
= 0.45% 
a = 5000g's 
= 49033.25m
J%«d=(045)*(49033.25)
= 2.206V + 04 V
The external force is calculated from the obtained total force for four screws
2.206V+ 04
^ex tern a l n
The yield strength of the 0#80 threads is obtained from [15]
Sy -  30ksi
= 2.06 V+ 08Va
The product of the factor A, *S^ is calculated as follows
A, *5^ = (1.16V-0 6 )*  (2.06V+ 08)
= 238.96
Substituting the values in the equation
^tightening ^externa l ^ t  ^  ^  y
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(215.064) + (2.206V+ (M ^ 238.96 
N
The result indicated that extremely large numbers of screws are required in order 
to support the assembly. It was concluded that threading is next alternate method.
2.3.5.3 Determination of Bearing and Shear Stresses 
Bearing Stress
Compression between the plate and ogive threads exists due to the force flow. 
This type of direct compression is often called as bearing. The bearing stress is calculated 
as follows
O' av — 4 ^  * L
where is the minor diameter of the internal thread. ,d is the major diameter, P
is the force applied and — is the number of threads in contact.
P
d = 3.5 in 
d, =3.1933 in
P = m *a  
P  = 1*5000 
P = 5000 Ibf
25
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— = 4
(Tgg = 775.29 psi
Shear Stress
The shear area is given by ïïdiOJ5)t
Where d  is the diameter of the shear fracture surface and t is the thickness of the plate.
Shear Area 3.5 * 0.75 * 0.2 
Shear Area = 1.64 in^
P
Shear Stress, cr.. = --------------
Shear Area
(Tgs = 3.03 V + 03 psi
The shear stress in yield is given by
(T̂ y =0.58*£T^
(7^ =0.58*120000
(7̂ y = 69600 psi
Since the bearing stress is less than the yield stress and shear stress is less than the shear 
stress in yield, it can be said that the threading will survive. The factor of safety in 
bearing is 154 and in shear 23.
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2.4 Assembly
The parts have been assembled in SOLIDWORKS and the projectile is created. 
All units are in inches. The sectional view of the simplified model of the projectile is 
shown in Figure 2.7.
Figure 2.7 - Sectional View of the Projectile
27
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CHAPTERS
FINITE ELEMENT ANALYSIS
3.1 Meshing
The assembly has been imported from SOLIDWORKS to HYPERMESH. The 
model has been meshed in HYPERMESH. The 2D-surface of each part is meshed as 
shown in Fig. 3.1. Subsequently the meshed 2D-surface is rotated around the Y-axis with 
40 divisions along the circumference. The 2D surface is deleted once the part is swept 
fully with mesh. Duplicate nodes are created when a part is swept through 360 degrees. 
These duplicate nodes are merged for each part. The model in Figure 3.2 represents the 
projectile after being meshed. Figure 3.3 represents the sectional view exploring the 
inside parts. Initially projectile was given 60 divisions along circumference, which in turn 
produced huge number of nodes and elements. This resulted in abnormal termination of 
the program.
28
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Windshield Nacelle M795 Ogive M 795 Body
A
A
Figure 3.1 -  2D Mesh of the Projectile Parts
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Figure 3.2 -  External View of the Model
30
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\
!
Figure 3.3 -  Sectional View of Model
31
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3.2 Gun Barrel
The gun barrel is modeled as a hollow cylinder of 6.1 inches inner diameter and 
11.49 inches outer diameter respectively. The main purpose of the barrel is to guide the 
projectile along the path when pressure is applied to it. The inner diameter of the barrel is 
equal to the outer diameter of the projectile. The barrel wall is 2.7 inches thick. The 
length of the gun barrel is 191 inches, which is determined using the procedure discussed 
in section 3.7. The material used is 4340 steel.
Table 3.1 - Material Properties of Gun Barrel
4340 Steel
Density = 7.32E-04 Ib/in^
Young’s Modulus = 2.9E+08 psi
X. Poisson’s Ratio = 0.32
Initially a shell element model was tried in place of the solid element model for 
the gun barrel. The shell model with the same thickness of 2.7 inches was modeled, but 
this model did not function properly because,
1. The transverse displacements kept varying which in turn should be zero as 
long as the projectile is inside the gun barrel.
2. The accelerations curves were not as expected. The transverse 
accelerations showed lot of disturbance though the projectile is inside the 
gun barrel while it should have shown zero acceleration.
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3. Contacts did not work well in this model. The parts in contact did not 
move as expected. Some parts penetrated into each other instead.
A four-cylinder model is also analyzed. Four cylinders made of rigid material are 
created with the projectile moving between them. This model did not produce good 
results for the following reasons,
1. The contacts did not work even in this case. The model did not run with 
errors in contacts.
2. There was huge disturbance in the transverse displacements.
Of all models, the model with solid elements produced good results in comparison 
with shell model and four cylinder model for the gun barrel. The surface-to-surface 
contact worked in this case. The gun barrel is a hollow solid cylinder of 2.7 inches thick. 
The 2D-surface of the gun barrel is shown in Fig. 3.4. This mesh is extruded in the axial 
direction. Later this 2D-surface is deleted. The circumference is divided into 40 divisions. 
The gun barrel is shown in Figure 3.5. The mesh density was even tried for 60 divisions 
along the circumference, which produced huge number of nodes and elements for the gun 
barrel. This model with 40 divisions along the circumference yielded good results 
regarding the accelerations and contacts. The element height on the gun barrel was 
initially given as 1 inch. This element height resulted in equal height with that of the 
projectile elements. Thus resulting in huge number of nodes and elements, due to which 
the model did not work. Then the element height has been increased to 2 inches. This 
model worked well.
The gun barrel was initially meshed with 20 divisions along the circumference. 
This model did not produce disturbances for the acceleration curves. Later the barrel is
33
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meshed with 40 divisions through the circumference. This model yielded expected results 
in regard with the acceleration curves.
Figure 3.4 -  2D Mesh of Gun Barrel
Figure 3.5 -  3D Mesh of Gun Barrel
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3.3 Contact Definitions
Physically all the parts are fixed by some means. The windshield is threaded to 
the nacelle, the nacelle is attached to M795 ogive with help of screws and bolts, the 
M795 ogive is threaded to M795 body, the plate is threaded to M795 ogive, the mass may 
be glued or welded to the plate. The bolts and nuts were not modeled here but contact 
was represented by mating surfaces that are joined by the contact. Therefore we need to 
define the contacts. As these parts are fixed to each other, the contacts are represented 
using LS-Dyna card, Contact_Tied_Surface_Surface of the LS-DYNA [9]. 
Tied_Surface_Surface is used for parts that are fixed and Surface_Surface contact is used 
for parts that slide while in motion. The set segment option is used for defining the 
contacts. Set segment is an option through which we can select the set of nodes and 
elements. Each segment is given a unique ID. The segment consists of master and slave 
segments. One side of the surface is designated as the slave side, and the other is 
designated as the master side. Nodes lying on those surfaces are referred to as slave and 
master nodes, respectively. The contact surfaces for all components are shown in Figures
3.6 - 3.10 and Table 3.2 discusses the list of master and slave component for each contact 
segment..
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Figure 3.6 -  Contact Surfaces of Windshield and Nacelle [9]
Figure 3.7 -  Contact Surfaces of Nacelle and M795 Ogive [9]
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Figure 3.8 -  Contact Surfaces of M795 Body and M795 Ogive [9]
Figure 3.9 -  Contact Surfaces of M795 Ogive and Plate [9]
37
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t t ^
Figure 3.10 -  Contact Surfaces of M795 Ogive and Gun Barrel [9]
Table 3.2 - List of Contacts [9]
Master Slave Contact Type
Nacelle Windshield Tied surface to surface
Nacelle Ogive Tied surface to surface
Plate Mass Tied surface to surface
Ogive Plate Tied surface to surface
M795 body Ogive Tied surface to surface
Gun barrel Ogive Surface to surface
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3.4 Boundary Conditions
The boundary conditions are defined for the gun barrel. The gun barrel is fully 
constrained for every node at certain locations. Initially the barrel has been constrained 
fully for every node, which resulted in failure of simulation. By reducing the boundary 
conditions in the middle helped the program to run. Figure 3.11 shows the applied 
boundary conditions.
Table 3.3 -  Boundary Conditions for the Gun Barrel
u x UY UZ
1 1 1
1 -  Represents boundary condition in effect
Figure 3.11 -  Boundary Conditions for the Gun Barrel
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3.5 Load Curve
The pressure is applied on the entire surface below the obdurator of the M795. As 
the M795 is slightly angled in the Y-direction, the pressure is also applied on the sides of 
the surface to incorporate for the circumference of the obdurator. To the slanted surface, 
the pressure component is calculated in the axial direction. A simple solution would be to 
assume that we have three areas, two areas of a solid 5.69 circle and third being a conical 
area.
In Figure 3.12, A1 and A2 show the pressure applied normal to the surface while 
A3 shows the pressure normal for the slanted surface. 8 3  represents the angle between the 
slanted surface and the Y-axis.
6.09 inches
1.53 inchesA3
A1
A2
5.69 inches
Figure 3.12 -  Applied Pressure on the Surfaces
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A ,+ A i= j{ 5 .6 9 f
A ,= ^ 6 :2 9 ± ^ ^ , .5 3
The length of the cone is measured below. 6 3  is equal to,
_ y i 0 4 5 - 2.845'!
62 — sin
1.53
= 7.5
The load data supplied by the ARL is a pressure curve, [13], Figure 3.13. This 
pressure curve has a maximum pressure of around 45,000 psi that is applied to the base of 
the projectile. The projectile leaves the barrel at 12.5 milliseconds, after which the 
pressure drops down to zero. The pressure-time curve is plotted for 20 milliseconds.
The force curve is represented in Figure 3.14 obtained by multiplying the pressure 
and area. The force curve is applied as input in the MATLAB. The force equation can be 
described as
F = '^P iXAi 
i-l
or,
^  = 2  PiA sin (4 )
i.
Where n is number of pressure segments
-l
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50000 -,
40000 -
30000 -
20000 -
10000 -
0.0160.01 0.012 0.020.002 0.004 0.0080.006
-10000 J
Time (sec)
Figure 3.13 -  Pressure Versus Time Curve Applied to the Base of the Projectile
0.001 0.01 
Tim* (sec)
0.020.002
Figure 3.14 -  Axial Force Versus Time Curve
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3.6 LSDYNA Input Cards
3.6.1 Control Card
Control cards are optional cards in an LS-Dyna input file and can be used to 
change the defaults, activate solution options such as mass scaling, adaptive remeshing, 
and an implicit solution. A control card defines the properties such as termination time, 
time step controls, warpage angle for shell, hourglass effect, rigid wall effect etc. A 
sample control card has been defined in the Figure 3.15. ENDTIME in the card defines 
the termination time. The ENDTIME used in analysis is 0.02 seconds because the 
pressure is applied until that time. ENDCYC defines the termination cycle. The 
termination cycle is optional and will be used if the specified cycle is reached before the 
termination time. DTMIN is the reduction factor for initial time step size to determine 
minimum time step. ENDENG is the percent change in energy ratio for termination of 
calculation. If undefined, this option is inactive. ENDMASS is the percent change in the 
total mass for termination of calculation. This option is relevant if and only if mass 
scaling is used to limit the minimum time step [9]. The U.S. units system is being used in 
all LS-Dyna input files.
* C OMTROLTERHINÀTION
5 ENDTIH ENDCYC DTMIN ENDENG ENDHAS
0 . 0 2  0  0 . 0  0 . 0  0 . 0
Figure 3.15 - Control Card
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3.6.2 Database Card
Database card follows the title card. Database card defines the type of output 
format for results. The database card is shown in the Figure 3.16. DT/CYCL defines the 
time interval between the outputs. DT/CYCL is l.OOE-03, implies 20 D3Plots are 
generated for total simulation time of 0.02 seconds. LCDT is the optional load curve ID 
specifying the time intervals between the dumps [9].
*DATABASE_BINARY_D3PL0T
S . . . > ____ 1 _____ > _____2 ____ > ------3 _____ >.
S DT/CYCL LCDT
l.OOOOE-03
Figure 3.16 - Database Binary D3plot Card
The Nodout card is used to define the number of data points intended when 
plotting a graph. DT is l.OOE-06 implies 20,000 data points are retrieved. BINNARY is 1 
indicates the ASCII file is written. The Database History Node card is used to define 
specific nodes for which the graphs are plotted. The Nodout card can be used to produce 
less number of D3plots with large number of data points.
* d à t à b à s e _ n o d o u t
$ .  . . > _______1 __ > _____ 2 -------> -------- 3 _____ > .
DT BINARY
l.O O O O E -0 6  1
*DATABASE_HISTORY_NODE
? . . . > _______ 1 __ > _____ 2 ____ > _____ 3 -------->.
I D l  ID2 ID3
1 0 9 9  1 2 8 6  5 7 4 1
Figure 3.17 - Database Nodout Card
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Node definition follows the database card, which defines all the nodes in their 
respective coordinates. Section definition follows the nodes list. Section definition 
defines all the solid sections defined in the model. Material definitions are followed by 
the section definition.
3.6.3 Material Card
All the material types and properties are defined in the material cards. The 
material cards for Ultem, Aluminum and Steel are shown in the Figures 3.18, 3.19 and 
3.20 respectively [9]. This material card was used for the all materials. MID defines the 
material identification. RO defines the mass density (Ib/in^). E defines the Young’s 
modulus (psi). PR defines the Poisson’s ratio. SIGY defines the Yield stress (psi). ET AN 
defines the Tangent modulus (psi). BETA defines the Hardening parameter [9].
*HAT_PLASTIC_KINEHATIC
$...>___ 1____> ____2 ____ > _____ 3 __> ___ 4 ____> ____5.
5 HID RO E PR SIGY
11.4200E-04 800000.0 0.4 24500.0
Figure 3.18 - Material Card for Ultem 2300
*HAT_PLASTIC_KINEHATIC
5--- 1---- 1---- h----2---- 1---- 3-----1---- 4---- h----5---- 1-----6-
S HID RO E PR SIGY ETAW
2 3 .39E-0410400000.0 0.33 68000.0 185185.0
Figure 3.19 - Material Card for Aluminum T7075-T6511
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*HAT_PLÀSTIC_KINEHATIC
S HID RO E PR SIGY ETAN
3 7 .3 2 0 0 E - 0 4 2 9 0 0 0 0 0 0 .0  0 . 3 2  1 2 0 0 0 0 .0  5 2 1 0 0 .0
Figure 3.20 - Material Card for 4340 Steel
3.6.4 Input Card for Pressure
Load definitions are followed by the element list. In applying the pressure on the 
surface, a separate card has been defined. LOAD_SEGMENT applies the distributed 
pressure load over one triangular or quadrilateral segment defined by the four nodes. 
[10]. A sample LOAD_SEGMENT has been shown in the Figure 3.21. LCID in the 
LOAD_SEGMENT card represents the load curve id. SF represents the scale factor for 
Load curve. AT represents the time for pressure or birth time of pressure. N l, N2, N3, N4 
represents the node numbers. [1 0 ]
*LOA D_SEG HENT
$ L C I D  S F  AT N l  N2 N3 N 4
1 - 1 . 0  0 . 0  3 3 0 9  3 3 7 1  3 3 7 6  3 3 1 4
Figure 3.21 - Load Segment Card for the Pressure
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3.7 Length of the gun barrel
The length of the gun barrel is determined by simulating the projectile alone. The 
quarter symmetry projectile is considered here keeping into account the simulation time 
of 20 milliseconds. In the quarter model, there are two planes of symmetry, the X-Y 
plane and Y-Z plane. The boundary conditions are applied on these two planes. The 
boundary conditions are summarized in Table 3.4. Figure 3.22 shows the applied 
boundary conditions. A sample dot k file is shown in Appendix B.
Table 3.4 -  Boundary Conditions on Planes of Symmetry
UX UY UZ
X-Y plane 0 0 1
Y-Z plane 1 0 0
0 -  Represents no boundary condition in effect
1 -  Represents boundary condition in effect
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# #  
%
\'i
Figure 3.22 - Applied Boundary Condition on the Planes of Symmetry
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The length of the gun barrel is calculated by identifying the distance traveled by 
the projectile for 12.5 milliseconds, which is the time when the pressure becomes zero. 
As Figure 3.23 shows, this distance is 191 inches. This is in reasonable agreement to the 
reported barrel length for the experiment that was used to generate the pressure load 
curve [12].
Figure 3.23 -  Axial Displacement Versus Time
3.8 Final Model
The final model consists of 21880 elements and 29368 nodes in total. The number 
of elements and nodes for each part are represented in Table 3.5. Initial guess of gun 
barrel for 188 divisions along the length produced 30240 elements and 37800 nodes.
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Later the 94 divisions produced 15040 elements and 19000 nodes. The Figure 3.24 
represents the projectile inside the gun.
Table 3.5 -  List of Elements and Nodes for each part
Component Number of elements Number of nodes
Windshield 760 1362
Nacelle 1240 1883
M795 Ogive 1800 2680
M795 Body 1520 2283
Plate 620 984
Mass 900 1176
Gun Barrel 15040 19000
Total 21880 29368
50
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ino
tç
oo
pQcj
l̂!MPoo,'̂ ho.
9%)
ii_ L '
3.9 Results
A full model of the projectile and gun is used to accommodate any possible non- 
axial motion. Initially the projectile is placed at bottom of the gun barrel. As the pressure 
is applied on the projectile, it moves up in the axial direction. It crosses the barrel at 
0.0125 seconds and travels until time 0.02 seconds. Now we are able to determine the 
motion of the projectile after it leaves the gun barrel. The motion of the projectile along 
the axial direction can be observed in Figure 3.25. The time step for the output data is lE- 
3 seconds. The curves are plotted for a node on top center of mass as shown in Figure 
3.26. The displacements, velocity, and acceleration of the projectile for a node on the top 
center of the mass are shown in Figures 3.27 through 3.32.
= :
Lx
[ ie- 0.0877898 Time = 0.0114 I
Lx
Time = 0.01299
Lx
Time = 0.02
Lx
(a) (b) (c) (d) (e)
Figure 3.25 -  Motion of the projectile through the gun barrel for various time-steps in 
seconds (different scale is used in (d) and (e))
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Figure 3.26 -  Node on Top Center of Mass
Node on Mass
1.00 E:-02
Time (sec)
Figure 3.27 -  Axial Displacement Versus Time for Node on Top Center of the Mass
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Node on Mass
4.001:43
Time (sac)
Figure 3.28 -  Y-velocity Versus Time for Node on Top Center of the Mass
Figure 3.29 shows the axial acceleration for the node on top center of mass. 
Figure 3.30 is zoomed view of the acceleration data after the projectile leaves the gun 
barrel. It can be seen that the amplitude of the acceleration waves is higher after the 
projectile leaves the gun barrel, indicating the existence of vibrations.
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Node on Mass
S.OOfi-03
Figure 3.29 -  Axial Acceleration Versus Time for Node on Top Center of the Mass
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Node on Mass
1 .G 5I:.02
Time (sec)
1 .4 5 f :0 2
Figure 3.30 -  Zoomed View of Axial Acceleration Versus Time for Node on Top Center 
of the Mass After the Projectile leaves the Gun
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Node on Mass
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Figure 3.31 -  Resultant Acceleration Versus Time for Node on Top Center of the Mass
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Node on Mass
Figure 3.32 -  Zoomed View of Resultant Acceleration Versus Time for Node on Top
Center of the Mass
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The stresses plotted showed reasonable results within the yield value as shown in 
Figure 3.33. It can be said that the plate is able to withstand the load.
1,012 1.016
Figure 3.33 -  Von-Mises Stress Versus Time for Element on Bottom Center of the Plate
The data for the curves is outputted for every lE-6 seconds. It can be seen that the 
amplitude of the acceleration waves is higher after the projectile leaves the gun barrel, 
indicating the existence of vibrations. The curves plotted for the node on mass exactly 
match with that of the node on the plate. A matlab program is developed and studied in 
detail in chapter 4 for the validation of these FEA results.
Figures 3.34 and 3.35 show the filtered curves of the axial acceleration at 6500 
Hz. The filtered curve showed smooth plot when compared to that of the unfiltered curve.
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The frequencies and amplitudes did not vary for the filtered and unfiltered curves after 
the projectile leaves the gun barrel.
( l .O O t '0 0
1,001: 412
Time (sec)
Figure 3.34 -  BW Filtered Axial Acceleration Versus Time for Node on Mass
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Ô.ÛOf *00 •
i-02
Figure 3.35 -  SAE Filtered Axial Acceleration Versus Time for Node on Mass
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CHAPTER 4
TWO MASS SPRING MODEL
4.1 Two Mass Spring System
A two mass and spring system has been developed in MATLAB for validity of 
the model. The projectile without the mass component is considered as single mass, M 
and the mass eomponent resting on the plate as another mass, m. The total mass of the 
projectile is 85.93 lb as discussed in chapter 2. As the projeetile is considered as one mass 
without the mass component, the mass M is 84.93 lb and the mass eomponent, m is 1 lb. 
The ealeulations of the masses M and m are shown in tables 4.1 and 4.2 respectively. The 
two masses are conneeted using a spring system. The force, F is applied to the mass M in 
the upward direetion. The system is as shown in Fig 4.1.
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m
1X2
1X,
Figure 4.1 -  Two Mass and Spring System
This system is modeled in the MATLAB with a code. The force curve is applied 
that has been discussed in the FEA model. The parameters held constant are mass of the 
artillery shell, mass of the component, plate stiffness, force on the shell due to pressure 
and testing time.
4.2 Equations of Motion
The free body diagrams are represented in Figures 4.2 and 4.3 for the two mass 
spring system. Here k is the spring stiffness. xi and X2  represent the displacements for the 
masses M and m respectively. The equations of motion are derived from these free body 
diagrams.
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k  (X 1-X2)
1Xl
Figure 4.2 -  Free Body Diagram of Mass M
The equation of motion for the mass M is
+k( x^  - x ^ )  = F
m
1X2
k (X2 -X1)
Figure 4.3 -  Free Body Diagram of the Mass m
The equation of motion for the mass, m is
mx2 + k{x2 -  Xj ) =  0
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Table 4.1 -  Calculations of Mass, M
Part D ensity Volume M ass
(in^3 ) gb)
Windshield 1.42E-04 2.620 0.144
Nacelle 3.39E-04 83.780 10.964
M795 7.32E-04 157.185 44.483
Ogive 7.32E-04 101.770 28.801
Plate 7.32E-04 1.920 0.543
Total Mass, M 84.935
Table 4.2 -  Calculations of Mass, m
Pait Density Voliune M ass
(lb/iiV3) (m^3) Ob)
Mass 7.32E-04 3.530 1.000
Mass, m 1.000
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4.3 Stiffness
In order to find the equivalent spring stiffness of the plate and mass assembly, at 
the outset we should know the force and displacement. A static analysis has been done in 
ANSYS considering the plate and mass subsystem. The meshed plate and mass assembly 
has heen shown in Figure 4.4. We calculated the displacement for a certain amount of 
force applied.
aA
:
Figure 4.4 -  Plate and Mass Meshed in ANSYS
The displacement is calculated by the static analysis. The stresses are below yield, 
it states that the model is in elastic. The displacement observed was 0.34e-03 inches for
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applied force of lOOOlbf. The force versus displacement plot is shown in Figure 4.6. The 
stiffness is calculated as follows
Stiffness, K = F / ô 
Where F is the force applied in pounds force 
5 is the displacement in inches
K = 1000 / 0.34E-03 
K = 2.94E+06 Ib/in^
800
200
0.0002
Displacement (Inches)
Figure 4.5 -  Force Versus Displacement Curve
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4.4 Results
Finally the displacement, velocity and acceleration plots have been calculated. 
They are as shown in Figures 4.6 - 4.8 respectively. The comparison of these results with 
FEA is discussed in next section.
SOG
—  shell travel
—  mass trawl
450
400
360
300
S 250
200
150
100
-rrd-:::
0.004 0.018 0.020.0160.008 001
Tlme(«ec)
0012 0.0140.002 0.006
Figure 4.6 - Displacement Curve
68
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
xIO
shell ralocrty 
mass velocity
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2.5
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0.6
0.020.0180.012 0.014 00160.0080.002 0.004 0006
Figure 4.7 - Velocity Plot
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Figure 4.8 - Acceleration Plot
4.5 Comparison of Finite Element Model and Two-Mass Spring Model
The FEA analysis significantly correlates with the MATLAB results. The 
displacement, velocity and acceleration plot for MATLAB and FEA are compared for the 
unfiltered data in Figures 4.9 - 4.12 respectively.
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• The maximum displacement in the FEM analysis yielded around 432 inches when 
the MATLAB resulted in 474 inches for a total mntime of 20 milli seconds in 
both cases with 9% difference as shown in Figure 4.9.
• The velocity plotted in the FEM was around 3.27E+04 in/s whereas the 
MATLAB code resulted in 3.65E+04 in/s with 10% difference as shown in Figure 
4.10.
• The acceleration curve plotted in the FEM almost matches with the MATLAB, 
the maximum value resulting as 1.50E+04 in/s^ from the FEM and value of 
1.54E+04 in/s^ from the MATLAB with 3% difference as shown in Figure 4.11.
• The major difference here is the vibration of mass component is consistent in case 
of the MATLAB than in the FEM analysis after the projectile leaves the gun 
barrel.
• The amplitudes of the plot kept varying for the FEA while remaining constant in 
MATLAB after the projectile leaves the gun barrel as shown in Figure 4.12.
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Figure 4.9 -  Comparison of Axial Displacement for MATLAB and FEA
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Figure 4.10 - Comparison of Axial Velocity for MATLAB and FEA
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Figure 4.11 - Comparison of Axial Acceleration for MATLAB and FEA
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Figure 4.12 -  Zoomed View of Axial Acceleration for MATLAB and FEA After the
Projectile leaves the Gun
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CHAPTER 5
PARAMETRIC STUDY OF VARYING PLATE LOCATION
5.1 Mounting Plate Location
The objective of this chapter is to study the effect of varying the plate location. 
After the projectile leaves the gun barrel, the acceleration curves revealed the vibrations 
induced. We wanted to study the effect of varying the plate location on these vibrations. 
The origin of the coordinate system of the projectile is located at bottom center as shown 
in Figure 5.1. The center of mass is calculated from SOLIDWORKS for the projectile 
and it is found out to be at (0,8.31,0) with respect to origin. The present location of the 
plate is 0.01 inches from the center of mass as shown in Figure 5.1. The plate location 
can be varied within a span of 0.54 inches, because of the available gap between nacelle 
and the mass as shown in Figure 5.2. The plate location is being changed in five different 
steps.
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Center of
Origin at bottom of 
the projectile
Figure 5.1 -  Center of Mass and Origin
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Mating surfaces that are joined by the contact in FEA represents the attachment of 
plate to ogive. As the plate location is varied, the volume of the ogive is increased on 
which the plate rests. Due to this the mass of the projectile is increased. The center of 
mass varies with the change of mass. The mass and center of gravity vary for the five 
locations.
5.2 Different plate locations
The five different steps are represented as:
> Location 1 (original location)
> Location 2
> Location 3
> Location 4
> Location 5
Figure 5.2 is a zoomed view of the plate location of the projectile. The five 
models have been created as shown in Figure 5.3, meshed and loads have been applied. 
The five models are discussed in Table 5.1 in regard to the change of plate location, the 
total mass and center of mass. These five models have been analyzed using LS-Dyna. 
The results will show the effects of varying the plate location.
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Figure 5.2 -  Zoomed View of Plate Location in the Projectile
Figure 5.3 -  Numbers Showing Different Plate Locations
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Table 5.1 -  List of Plate Locations
Plate Location 
along Y-direction
Distance w.r.t. 
Center of mass 
(inches)
New Mass 
(pounds)
New Center of mass 
location 
(inches)
Location 1 0.01 86.01 (0,8.31,0)
Location 2 0.10 86.08 (0,8.32,0)
Location 3 0.23 86.12 (0,8.32,0)
Location 4 0.36 86.20 (0,8.32,0)
Location 5 0.47 86.24 (0,8.32,0)
5.2 Results
Displacement, velocity, and acceleration are determined for all five locations. The 
maximum acceleration and root mean square acceleration are calculated for these five 
cases. The root-mean-square (RMS) [11] of a variate x, is the Square Root of the mean 
squared value of x:
R(x) =  V c ^
n
^p{x)x^dx
^p{x)dx
for a discrete distribution
for a continuous distribution
The results are represented in the graphs for three nodes.
1. A node on top center of nacelle as shown in Figure 5.4.
2. A node on the bottom center of plate as shown in Figure 5.5.
3. A node on the top center of mass as shown in Figure 5.6.
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Figure 5.4 -  Node on Top Center of Nacelle
Figure 5.5 -  Node on Bottom Center of Plate
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Figure 5.6
Figure 5.6 -  Node on Top Center of Mass
5.2.1 Node on Projectile
The displacement, velocity and accelerations have been plotted for a node on top 
center of nacelle as shown in Figure 5.4. The displacement curves look similar for all the 
five locations as shown in Figure 5.7. The velocity plots look similar for all the five 
locations as shown in Figure 5.8. The nature of the curve looked similar for the five 
locations.
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Node on Projectile
Location 1
  Location 24.50f:*0?. •
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♦00
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Figure 5.7 -  Axial Displacement Versus Time for 5 Locations for Node on Projectile
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Node on Projectile
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Figure 5.8 -  Axial Velocity Versus Time for 5 Locations for Node on Projectile
The X-transverse acceleration plot is shown in Figure 5.9. The motion observed 
showed that the projectile moved smoothly inside the gun barrel, while the plot shows 
disturbance for the transverse accelerations. This disturbance may be considered as 
numerical noise. The amplitude of the vibrations varied before and after the projectile 
leaves the gun barrel. The frequencies produced after the projectile leaves the gun barrel 
indicated that there are vibrations in the transverse directions. The Z-transverse 
acceleration varied to that of the X-transverse acceleration. The Z-transverse acceleration 
plot is shown in Figure 5.10.
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Figure 5.9 -  X-transverse Acceleration Versus Time for 5 Locations for Node on
Projectile
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Figure 5.10 -  Z-transverse Acceleration Versus Time for 5 Locations for Node on
Projectile
The axial acceleration plots are shown in Figure 5.11 for five locations. The 
nature of the eurve looked similar for the five locations. When the projeetile leaves the 
gun barrel, similar frequencies were observed. The peak values for all the locations were 
almost same. The zoomed view of projectile after it leaves the gun barrel is shown in 
Figure 5.12. The peak accelerations varied after the projectile leaves the gun barrel. The 
amplitudes outputted kept deereased as projectile leaves the gun barrel. The time between 
nodout dumps for the FEA analysis is lE-6.
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Figure 5.11 -  Axial Acceleration Versus Time for 5 Locations for Node on Projectile
After it leaves the Gun
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Figure 5.12 -  Zoomed view of Axial Acceleration Versus Time for 5 Locations for Node
on Projectile After it leaves the Gun
The Resultant acceleration plots are shown in Figure 5.13 for five locations. The 
nature of the curve looked similar for the five locations. When the projectile leaves the 
gun barrel, similar frequencies were observed. The peak values for all the locations kept 
decreasing as the projectile leaves the gun barrel. The time step for the FEA analysis is 
lE-6. The amplitudes outputted kept decreased as projectile left the gun barrel. The 
zoomed view shows the data after the projectile leaves the gun barrel, as shown in Figure
5.14.
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Figure 5.13 -  Resultant Acceleration Versus Time for 5 Locations for Node on Projectile
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Node on Projectile
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Figure 5.14 -  Zoomed View of Resultant Acceleration Versus Time for 5 Locations for
Node on Projectile
Tables 5.2 and 5.3 shows the plate location with respect to center of mass. The 
center of mass location is referred from the origin. The maximum displacement, velocity 
values are listed for all five locations. The maximum and RMS values of the axial and 
resultant acceleration are also being listed which will help in finding the ideal location for 
the plate.
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Table 5.2 - Summary of Results for Node on Projectile Before Shell Exits Gun
NODEONPROJECTILE Location 1 Location 2 Location 3 Location 4 Location 5
Before s M  exits gun barrel :
Plate Location w.r.t to center of mass (in) 0.01 0.10 0.23 0.36 0.47
Center of Mass (x,y,z) 0.8.31.0 0.8.32.0 0.8.32.0 0.8.32.0 0.8.32.0
Max Y-Displacement (in) 188.41 188.03 187.87 187.58 187.83
Max Y-Velocity fin/s) 32711.00 32639.00 32613.00 32561.00 32607.00
Max Y-Acceleration (g's) 16220.00 15671.00 15056.00 14480.00 15977.00
RMS Y-Acceleration (g's) 8083.10 8063.90 8049.90 8035.00 8081.00
Max Rslt-Acceleration (g's) 16220.00 15671.00 15058.00 14480.00 15977.00
RMS Rslt-Acceleration (g's) 8083.20 8064.20 8050.10 8035.00 8081.10
Table 5.3 - Summary of Results for Node on Projectile After Shell Exits Gun
NODE ON PROJECTfLE Location 1 Location 2 Location 3 Location 4 Location 5
A&er sheB exits gun barrel
Plate Location w.r.t to center of mass (in) 0.01 0.10 0.23 0.36 0.47
Center of Mass (x.y.z) 0.8.31.0 0.8.32.0 0.8.32.0 0.8.32.0 0.8.32.0
Max Y-Displacement (in) 432.24 431.33 430.97 430.28 430.82
Max Y-Velocity (in/s) 32737.00 32665.00 32639.00 32587.00 32632.00
Max Y-Acceleration (g's) 1163.30 951.01 741.61 612.91 920.52
RMS Y-Acceleration (g's) 178.03 170.57 145.36 143.18 122.31
Max Rslt-Acceleration (g's) 1163.30 951.01 741.66 612.93 920.54
RMS Rslt-Acceleration (g's) 178.04 170.61 145.44 143.19 122.31
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5.2.2 Node on Plate
The displacement curves look similar for all the five locations as shown in Figure
5.15. The velocity plots look similar for all the five locations as shown in Figure 5.16. 
The nature of the curve looked similar for the five locations.
Node on Plate
Location 1
— Location 2
Location 3
Location 4
—  Location 5
Time (sec)
Figure 5.15 - Axial Displacement Versus Time for 5 Locations for Node on Plate
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Figure 5.16 -  Axial Velocity Versus Time for 5 Locations for Node on Plate
The X-transverse acceleration plot is shown in Figure 5.17. The motion observed 
showed that the projectile moved smoothly inside the gun barrel, while the plot shows 
disturbance for the transverse accelerations. This disturbance may be considered as 
numerical noise. The amplitude of the vibrations varied before and after the projectile 
leaves the gun barrel. The frequencies produced after the projectile leaves the gun barrel 
indicated that there are vibrations in the transverse directions. The Z-transverse 
acceleration varied to that of the X-transverse acceleration. This may be considered as 
numerical noise. The Z-transverse acceleration plot is shown in Figure 5.18.
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Figure 5.17 - X-transverse Acceleration Versus Time for 5 Locations for Node on
Plate
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Figure 5.18 - Z-transverse Acceleration Versus Time for 5 Locations for Node on
Plate
The axial acceleration plots are shown in Figure 5.19 for five locations. The 
nature of the curve looked similar for the five locations. When the projectile leaves the 
gun barrel, similar frequencies were observed. The peak values for all the locations were 
almost same. The zoomed view of projectile after it leaves the gun barrel is shown in 
Figure 5.20. The peak accelerations varied after the projectile leaves the gun barrel. The 
amplitudes outputted kept decreased as projectile leaves the gun barrel.
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Figure 5.19 -  Axial Acceleration Versus Time for 5 Locations for Node on Plate
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Figure 5.20 -  Zoomed View of Axial Acceleration Versus Time for 5 Locations for Node
on Plate After the Projectile leaves the Gun
The Resultant acceleration plots are shown in Figure 5.21 for five locations. The 
nature of the curve looked similar for the five locations. When the projectile leaves the 
gun barrel, similar frequencies were observed. The peak values for all the locations kept 
decreasing as the projectile leaves the gun barrel. The time step for the FEA analysis is 
lE-6. The amplitudes outputted kept decreased as projectile left the gun barrel. The 
zoomed view shows the data after the projectile leaves the gun barrel, as shown in Figure
5.22.
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Figure 5.21 -  Resultant Acceleration Versus Time for 5 Locations for Node on Plate
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rô ectiie crosseb tne gun
1.505*03
1.805*039>
QC
5.00E*02
0.005*00
1.25502 1Ü5502 1.655312
_______Time (sec)
Figure 5.22 -  Zoomed View of Resultant Acceleration Versus Time for 5 Locations for
Node on Plate
Tables 5.4 and 5.5 shows the plate location with respect to center of mass. The 
center of mass location is referred from the origin. The maximum displacement, velocity 
values are listed for all five locations. The maximum and RMS values of the axial and 
resultant acceleration are also being listed which will help in finding the ideal location for 
the plate.
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Table 5.4 - Summary of Results for Node on Plate Before Shell Exits Gun
NODE ON PLATE Location 1 Location 2 Location 3 Location 4 Location 5
Before shell eats gun barrel
Plate Location w.r.t to center of mass (in) 0.01 0.10 0.23 0.36 0.47
Center of Mass (x,y,z) 0,8.31.0 0.8.32.0 0.8.32.0 0.8.32.0 0.8.32.0
Max Y-Displacement (in) 188.41 188.03 187.87 187.57 187.83
Max Y-Velocity (in/s) 32709.00 32636.00 32609.00 32556.00 32607.00
Max Y-Acceleration (g's) 15578.00 14930.00 15056.00 14480.00 14648.00
EMS Y-Acceleration (g's) 8076.50 8062.70 8049.90 8035.00 8047.50
Max Rslt-Acceleration (g's) 15579.00 14931.00 15058.00 14480.00 14648.00
RMS Rslt-Acceleration (g's) 8076.70 8063.00 8050.10 8035.00 8047.50
Table 5.5 - Summary of Results for Node on Plate After Shell Exits Gun
NO DEO NPLATE ^ Location 1 Location 2 Location 3 Location 4 Location 5
After sheU exits gun barrel
Plate Location w.r.t to center of mass (in) 0.01 0.10 0.23 0.36 0.47
Center of Mass (x.y.z) 0.8.31.0 0.8.32.0 0.8.32.0 0.8.32.0 0.8.32.0
Max Y-Displacement (in) 432.24 431.33 430.97 430.28 430.82
Max Y-Velocity (in/s) 32757.00 32689.00 32666.00 32612.00 32657.00
Max Y-Acceleration (g's) 2217.90 2438.30 2658.60 2585.90 2392.70
RMS Y-Acceleration (g's) 516.23 641.27 679.04 676.61 635.67
Max Rslt-Acceleration (g's) 2217.90 2438.40 2658.70 2585.90 2392.80
RMS Rslt-Acceleration (g's) 516.24 641.31 679.07 676.62 635.68
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5.2.3 Node on Mass
The displacement curves look similar for all the five locations as shown in Figure
5.23. The velocity plots look similar for all the five locations as shown in Figure 5.24. 
The nature of the curve looked similar for the five locations.
Node on Mass
Location 1
-  Location 2
Location 3
Location 4
 Location 5
e  Î.50E -02 -
Time (sec)
Figure 5.23 - Axial Displacement Versus Time for 5 Locations for Node on Mass
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Node on Mass
Location 1
— Location 2
Location 3
Location 4
Location 5
1.(10tM«
Time (see)
Figure 5.24 - Axial Velocity Versus Time for 5 Locations for Node on Mass
The X-transverse acceleration plot is shown in Figure 5.25. The motion observed 
showed that the projectile moved smoothly inside the gun barrel, while the plot shows 
disturbance for the transverse accelerations. This disturbance may be considered as 
numerical noise. The amplitude of the vibrations varied before and after the projectile 
leaves the gun barrel. The frequencies produced after the projectile leaves the gun barrel 
indicated that there are vibrations in the transverse directions. The Z-transverse 
acceleration varied to that of the X-transverse acceleration. This may be considered as 
numerical noise. The Z-transverse acceleration plot is shown in Figure 5.26.
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Node on Mass
2 o.oor-M
400E-01
 Location 1
  Location 2
Location 3 
Location 4 
Location 5
Lint Indlcatit on Cnw 
Platen» a ttttn lhe  gun bn
0,OOE-M 2Æ0E 03 t.M EJB S.OOE-M B.OOE 03 1 .M E «  1.J0EEtt 1.E0E-02 1.60E.02 1.80E 02 2 .0 0 E #
__________________________________________________________Time (sec)______________________________________________________
Figure 5.25 - X-transverse Acceleration Versus Time for 5 Locations for Node on Mass
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Node on Mass
g . 1.00E+01
S  0,006*00
-1.006*01
-2.006*01
- Location 1
 Location 2
Location 3 
Location 4 
 Location 5
O.OOE*O0 2.00E-Ô3 1.B0EA3 6.00603 8-{Wfc03 1.00602 1.2064)2 1.40EO2 1.60602 1.8064)2 2.00602
Time (sec)
Figure 5.26 - Z-transverse Acceleration Versus Time for 5 Locations for Node on Mass
The axial acceleration plots are shown in Figure 5.27 for five locations. The 
nature of the curve looked similar for the five locations. When the projectile leaves the 
gun barrel, similar frequencies were observed. The peak values for all the locations were 
almost same. The zoomed view of projectile after it leaves the gun barrel is shown in 
Figure 5.28. The peak accelerations varied after the projectile leaves the gun barrel. The 
amplitudes outputted kept decreased as projectile leaves the gun barrel.
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Node on Mass
Location 1
Location 21.40L+04
Location 3
Location 4
- - -  Location 5
1.00L42
Time (sec)
Figure 5.27 -  Axial Acceleration Versus Time for 5 Locations for Node on Mass
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Node on Mass
Location 1
Location 2
Location 3
Location 4
Location 5
Figure 5.28 -  Zoomed View of Axial Acceleration Versus Time for 5 Locations for Node
on Mass After the Projectile leaves the Gun
The Resultant acceleration plots are shown in Figure 5.29 for five locations. The 
nature of the curve looked similar for the five locations. When the projectile leaves the 
gun barrel, similar frequencies were observed. The peak values for all the locations kept 
decreasing as the projectile leaves the gun barrel. The time step for the FEA analysis is 
lE-6. The amplitudes outputted kept decreased as projectile left the gun barrel. The 
zoomed view shows the data after the projectile leaves the gun barrel, as shown in Figure 
5.30.
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Node on Mass
Location 1
• Location 2 
Locations 
Location 4 
Location 5
1.20f-*04
C 1.00EHM I Une indicates the timt* when 
projecdie crosses the gun barrel
g  8.00E+03
S.00fc>fti
4.(IOe*03 -
2.001:^03
140FÆ?, 1.60EO2 1JSOf:.02
O.OOÊ OO 4—^
O.OOê OO 2.0ÔE-03 4.Ô0E-Û3 6.D0E43 3.00E-03 1.00E4I2 K20E4)2
Time (sec)
Figure 5.29 -  Resultant Acceleration Versus Time for 5 Locations for Node on Mass
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Node on Mass
ro 2,oof<oj
s
a
Location 1
Location 2
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Location 4
Location 5
t  '  'i A i  M * 1
1.45E42 1.65t-02 1 ./5 t-02
Time (sec)
Figure 5.30 -  Zoomed View of Resultant Acceleration Versus Time for 5 Locations for 
Node on Mass After the Projectile leaves the Gun
Tables 5.6 and 5.7 shows the plate location with respect to center of mass. The 
location of center of mass is referred from the origin. The maximum displacement, 
velocity values are listed for all five locations. The maximum and RMS values of the 
axial and resultant acceleration are also being listed which will help in finding the ideal 
location for the plate.
108
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 5.6 - Summary of Results for Node on Mass Before Shell Exits Gun
NODE O N  M ASS Location 1 Location 2 Location 3 Location 4 Location 5
Before shell exits gun barrel
Plate Location w.r.t to center of mass (in) 0.01 0.10 0.23 0.36 0.47
Center of Mass (x,y.z) 0,8.31,0 0,8.32,0 0,8.32,0 0,8.32,0 0,8.32,0
Max Y-Displacement (in) 188.41 188.03 187.87 187.57 187.83
Max Y-Velocity (in/s) 32709.00 32636.00 32609.00 32556.00 32607.00
Max Y-Acceleration (g's) 15089.00 15016.00 14897.00 14362.00 14662.00
EMS Y-Acceleration (g's) 8077.00 8063.30 8049.50 8034.70 8047.30
Max Rslt-Acceleration (g's) 15090.00 15016.00 14897.00 14362.00 14663.00
EMS Eslt-Acceleration fs'sl 8077.10 8063.50 8049.60 8034.70 8047.40
Table 5.7 - Summary of Results for Node on Mass After Shell Exits Gun
NODE ON MASS Location 1 Location 2 Location 3 Location 4 Location 5
After shell exits .gun barrel
Plate Location w.r.t to center of mass (in) 0.01 0.10 0.23 0.36 0.47
Center of Mass (x,y,z) 0,8.31,0 0,8.32,0 0,8.32,0 0,8.32,0 0,8.32,0
Max Y-Displacement (in) 432.24 431.33 430.97 430.28 430.82
Max Y-Velocity (in/s) 32757.00 32688.00 32666.00 32612.00 32657.00
Max Y-Acceleration (g's) 2228.60 2410.80 2634.80 2559.80 2366.00
EMS Y-Acceleration (g's) 511.45 634.25 671.41 668.81 628.44
Max Rslt-Acceleration (g's) 2228.70 2410.80 2634.80 2559.80 2366.10
EMS Eslt-Acceleration (g's) 511.46 634.97 671.77 668.91 628.45
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5.3 Comparison of axial acceleration
The axial acceleration is compared for all the five locations. Figures 5.31 through 
5.35 show the axial acceleration for node on plate, mass and projectile.
%$%y
<
Locationi
It
— Plate
— M ass 
Projectile
Une indicates the tone vdten 
projectde leaves the gun barrel
Ml
;
O.OOE*00 2.00E-03 «.Q0£ 03 0.00E 03 8.00C-03 10OE 02 l.20f;-8:
T im e (sec)
140E-02 l.eOE-02 I.80E-02 Z OOK 82
Figure 5.31 -  Comparison of Axial Acceleration for Node on Projectile, Plate and Mass
for Location 1
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Location 2
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• — M ass
Projectile
14000
% 10000
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-4000
0.00E*(
Figure 5.32 -  Comparison of Axial Acceleration for Node on Projectile, Plate and
Mass for Location 2
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Location 3
Plate
— M ass
Projectile
Lane ndi^ its thr ttme whrn 
projectile leav u  the gun baiTel|
Figure 5.33 -  Comparison of Axial Acceleration for Node on Projectile, Plate and Mass
for Location 3
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Loçati<?n4
Plate
M ass
Projectile
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Figure 5.34 -  Comparison of Axial Acceleration for Node on Projectile, Plate and Mass
for Location 4
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Location 5
 P late
— M ass
Projectile
Line ndiCBtes the tmie wbai 
I'll lectdr Im es  the gun ban*i
Figure 5.35 -  Comparison of Axial Acceleration for Node on Projectile, Plate and Mass
for Location 5
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5.4 Comparison of resultant acceleration
The resultant acceleration is compared for all the five locations. Figures 5.36 
through 5.40 show the resultant acceleration for node on plate, mass and projectile.
Location 1
Plate
M ass
Projectile
Ltoe mdeates the tune when 
p'oie^.bie kavps dir gin. ban t
02 l.80E4>2 2.00E-024,00E-03
Figure 5.36 -  Comparison of Resultant Acceleration for Node on Projectile, Plate and
Mass for Location 1
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Location 2
Plate
M ass
Projectile
Lme indicates die tune when 
projectile leaves die gun barret
Figure 5.37 -  Comparison of Resultant Acceleration for Node on Projectile, Plate and
Mass for Location 2
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Location 3
Plate
 M ass
Projectile
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I piojecttic leaves tne gun barrel |
woe
Figure 5.38 -  Comparison of Resultant Acceleration for Node on Projectile, Plate and
Mass for Location 3
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Location 4
1CODO
Plate
■ — M ass
Projectile
Lme indicates As tune «d 
ptojeclde leaves the gum b,
T im e ts e r t
Figure 5.39 -  Comparison of Resultant Acceleration for Node on Projectile, Plate and
Mass for Location 4
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Location 5
Plate
M ass
Projectile
B  loeoe
ojecble leaves 6 e  gun barrel
2006
Figure 5.40 -  Comparison of Resultant Acceleration for Node on Projectile, Plate and
Mass for Location 5
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5.5 Results
On the basis of the plots and tables in section 5.2, 5.3 and 5.4, it can be said that:
• The peak values of maximum acceleration and RMS acceleration vary by 15% 
and 23% respectively with mounting plate location.
• The acceleration curves look similar until the shell exits the gun barrel.
• After the shell leaves the gun barrel, it is observed that there is change in
acceleration curves for different plate mountings.
• The curves plotted for node on mass and plate yielded similar data whereas there 
is drastic change in comparison with that of node plotted on projectile.
• The number of frequencies of 40 remained same for all nodes for different
locations after the projectile leaves the gun barrel.
• The amplitudes of the plots remained same for the nodes on mass and plate after 
the projectile leaves the gun barrel.
• The amplitudes of the plots kept changing with 95% difference for the nodes on
mass and projectile after the projectile leaves the gun barrel.
• Location 1 yielded lower values for the peak and RMS accelerations for all
locations after the projectile leaves the gun barrel.
• From the above results it can be concluded that location 1 is the ideal position for
the plate because it is producing the minimal vibrations.
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CHAPTER 6
CONCLUSIONS
6.1 Conclusion
The following conclusions can be drawn from the FEA and MATLAB results
>  The results of finite element analysis almost match with that of the 
MATLAB.
> A simplified projectile provided qualitative results for the displacement, 
velocity and accelerations at selected points.
> The shape and nature of the curve agree well with the acceleration data in 
both cases.
> The vibrations produced after the projectile leaves the gun barrel were 
more noticeable in MATLAB than the FEM.
6.2 Future Plans
Further experimental verification of the model is needed. For this reason we are 
planning experimental verification in cooperation with Picatinny Arsenal personnel. We 
are also trying to vary the
> Plate material.
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> Methods of connecting plate to mass.
> Mounting the plate and mass at several locations in the nacelle section.
> Connecting the 1-pound mass to the plate in a few locations.
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APPENDIX A 
MATLAB PROGRAM
I. Shellmodel
%This file simulates the interaction between a projectile and a mass within it using a 
%simplified model composed of two masses and a spring.
%
% The outputs are "xl, and x2"
% x l is the displacement of the shell
% x2 is the displacement of the component, which is attached to a plate
function dx=crane(t,x)
global M % M is the mass of the shell 
global m % m is the mass of the component 
global k % k is the plate stiffness 
global F % force on teh shell due to pressure 
global td %testing time duration
% The system can be written as A*DDx=F+B, where DDX is the second derivative of X 
w.r.t time
% A is a 2x2 matrix
% B is a 2x1 matrix (containing velocity terms)
% F is a 2x1 matrix (containing the external forces)
% System variables 
%  X  is a 4x1 matrix 
% x(l)=xl 
% x(2)=x2
% x(3), and x(4) are the first time derivatives of x(l), x(2)
% Here are A and B 
A=[M 0;
0 m];
B=[-k*(x(l)-x(2));
k*(x(l)-x(2))];
% As inputs, we will apply two step forces 
%Fx=200;
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%Fl=-MT*g*.25;
% Then matrix F will be the follwoing 
Force=[F;0];
dx=zeros(2,l);
dx(l)=x(3);
dx(2)=x(4);
C=inv(A)*(Force+B);
dx(3)=C(l,l);
dx(4)=C(2,l);
2. Singlemass
%This file simulates a projectile as a single mass 
% The outputs are "xl"
% xl is the displacement of the shell
************************************************************************ 
close all;
% Here are the constant parameters of the system
global M % M is the mass of the shell
global m % m is the mass of the component
global k % k is the plate stiffness
global F % force on the shell due to pressure
global td %testing time duration
M=85.93/384.16; % The payload weighs 300 lb
tf=0.025; % Simulation time
R=1.75; %Projectile radius 
%dt=0.000008; % Simulation step
timeforce = xlsread(’forcehistory'); 
time=timeforce(:, 1 ) ; 
force=timeforce( : ,2) ;
% Number of steps
steps=size(timeforce); % This is the overall number of steps 
nstep=steps(l,l);
% Total time step 
nc=nstep;
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% The diffrential equations will be solved for every simulation step
% Hence, the initial coditions need to be updated every siulation
% First initial conditions
x (l)= 0 ;
v ( l)= 0 ;
a (l)= 0 ;
%Perform Dynamic Simulation
for i=2:nc-l 
time_i=time(i); 
time_f=time(i+l ); 
dt=time_f-time_i;
a(i)=force(i)/M;
v(i)=a(i)*(time_f-time_i)+v(i-l); 
x(i)=v(i)*(time_f-time_i)+x(i-1 );
end;
% Travel Plots 
figure;
plot(time( 1 :nc-1,1 ),x); 
legend('shell travel'); 
xlabel('T ime(sec)') ; 
ylabel('Travel(in)');
% Velocity Plots 
figure;
plot(time( 1 :nc-1,1 ),v); 
legend('shell velocity'); 
xlabel('T ime(sec)') ; 
ylabel('Velocity(in/s)');
%plot Forces 
figure;
plot(time,force); 
legend('extemal force'); 
xlabel(Time(sec)'); 
ylabel(’Force(lb)');
3. Testshell
% This file simulates the interaction between a projectile and a mass within it using a 
% simplified model composed of two masses and a spring.
% The outputs are "xl, and x2"
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% xl is the displacement of the shell
% x2 is the displacement of the component, which is attached to a plate
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
close all;
clear
clc
% Here are the constant parameters of the system
global M % M is the mass of the shell 
global m % m is the mass of the component 
global k % k is the plate stiffness 
global F % force on the shell due to pressure
global td %testing time duration
M=84.93/384.16; % The mass of the shell
m=l/384.16; % The mass of the component
k= l000/3.4e-4; % Equivalent spring stiffness 
tf=0.025; % Simulation time
timeforce = xlsread('forcehistory'); 
time=timeforce( :, 1 ); 
force=timeforce( : ,2) ;
% Number of steps
steps=size(timeforce); % This is the overall number of steps 
nstep=steps(l,l);
% Total time step 
nc=nstep;
% The diffrential equations will be solved for every simulation step 
% Hence, the initial coditions need to be updated every simulation 
% First initial conditions 
Y0=[0 0 0 0];
% Set the options of the ODE solver 
options = odeset('RelT of, 1 e-2) ;
%Perform Dynamic Simulation
for i=l:nc-l 
time_i=time(i); 
time_f=time(i+1 ) ; 
dt=time_f-time_i;
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F=force(i);
% This is the time overwhich the integration will take place 
tspan=[time_i,time_i+dt*0.5,time_f];
% Create accelerations file
AA=shellmodel(tspan,Y 0); 
acci( 1:2)=AA(3:4) ;
[t,yy]=ode45('shellmoder, tspan, YO, options);
[length, vol]= size(yy);
YO=yy(length,:)';
OP(l,i)=time(i);
OP(2:5,i)=YO;
OP(6:7,i)=acci(l:2)';
end;
% Now we will plot the results of the integration 
%sim=[0:dt:nc*dt]';
% Travel Plots 
figure;
plot(OP( 1,1 :nc-2),OP(2,1 :nc-2),OP( 1,1 :nc-2),OP(3,1 :nc-2),'-');
legendf'shell travel','mass travel');
xlabel('Time(sec)');
ylabel('Travel(in)');
% Velocity Plots 
figure;
plot(OP( 1,1 :nc-2),OP(4,1 ;nc-2),0P(l ,1 :nc-2),OP(5,1 :nc-2),'-');
legend('shell velocity','mass velocity');
xlabel('Time(sec)');
ylabel('Velocity(in/s)');
% Acceleration Plots 
figure;
plot(OP( 1,1 :nc-2),OP(6,1 :nc-2),OP( 1,1 :nc-2),OP(7,1 :nc-2),'-');
legend('shell accen','mass accen');
xlabel('Time(sec)');
ylabel('Acceleration(in/s^2)');
%Calculate Spring Force 
Delta=OP(2,:)-OP(3,:);
SForce=k.*Delta;
%Transmissibility
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TR=max(SForce)/max(force)
%plot Forces 
figure;
plot(OP(l ,:),force( 1 :nc-1,1)); 
legend('extemal force'); 
xlabel('T ime(sec)') ; 
yIabel('Force(Ib)');
figure;
pIot(OP( 1,1 :nc-2),SForce( 1,1 :nc-2)); 
legend('spring force'); 
xIabeI('Time(sec)'); 
ylabeI('Force(Ib)');
% Acceleration Plots 
figure;
plot(OP( 1,1 :nc-2),OP(6,1 :nc-2)/(386.4),OP( 1,1 :nc-2),OP(7,1 :nc-2)/(386.4),'-');
legend('shell accen','mass accen');
xlabel('Time(sec)');
ylabel('Acceleration(g)');
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APPENDIX B
SAMPLE INPUT FILE
♦KEYWORD
♦CONTROL_TERMINATION 
$ ENDTIM ENDCYC 
0 . 0 2
DTMIN ENDENG ENDMAS
♦DATABASE_BINARY_D3 PLOT
$ .  . . > _____ 1 _____> _____2 _____> ____ 3 .
$ DT/CYCL 
l.O O O O E -03
♦DATABASE_NGDOUT
$ .  . . > _____ 1 _____> _____2 _____> ____ 3 .
DT BINARY
l.O O O O E -0 6  1
♦DATABASE_HISTORY_NODE_SET
$ .  . . > _____ 1 _____> _____2 _____> ____ 3 .
$ I D l  ID 2 ID 3
1 4 5 5  9 3 8 2  9 7 1 8
♦NODE 
$ .  . . >  1 .
$ N ID
1 
2
>  2 .
X
- 3 . 0 5
- 2 . 9 0
0 . 0  2 .4 E - 1 5
0 . 0  - 0 .9 4 2 5 0
♦MAT_PLAST1C_K1NEMAT1C
$ .  . • > ____ 1 _____ > _____ 2 ____ > _____3 .
$ MID RO E
3 1 .4 2 E - 0 4  8 0 0 0 0 0 .0
. > _____4 .
PR
 5 .
SIGY
0 . 4  2 4 5 0 0 .0
♦PART 
$ .  . . >  1.
$ P ID
1
>  2 .
SEC ID
2
. > _____3 .
MID
4
♦SE C T 10N _S0LID
$ .  . . >  1  > .
$  S E C ID  
1
♦SET_SEGMENT
$ SEC ID
1
$ N1 N2 N3 N4
1 2 2 9 6 1 2 2 9 3 1 2 3 5 3 1 2 3 5 6
1 2 3 1 3 1 2 3 1 4 1 2 3 7 4 1 2 3 7 3
♦ CONTACT_SURFACE_TO_SURFACE
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$ . . . > ____ 1 _____> _____2 ______> _____3 _____> ____ 4 ____> ______5 ____> ______6 ____> _____7 _____> _____ 8
$ S S ID  MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
2 1 0 0 0 0 0 0
0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 0 .0 1  0
1 . 0  1 . 0  0 . 0  0 . 0  1 . 0  1 . 0  1 . 0  1 . 0
*ELEMENT_S0L1D
. . . 2 . . . . > . . . . 3 . . . . > . . . . 4 . . . . > . . . . 5 . . . . > . . . . 6 . . . . > . . . . 7 . . . . > . . . . 8
$ ElM  P ID
5 1
$ N1 N2 N3 N4 N5 N6 N7
1 4 5 7  1 4 9 6  1 4 9 7  1 4 5 8  1 4 5 8  1 4 8 1  1 4 8 1
*SET_N 0D E_L1ST
$ . . . > . . . . 1 . . . . > . . . . 2 . . . . > . . . . 3 . . . . > . . . . 4 . . . . > . . . . 5 . . . . > . . . . 6 . . . . > . . . . 7 . . . . > . . . . 8
$ S ID
19
$ N ID I N1D2 N1D3 N1D4 N1D5 N1D6 N1D7 N1D8
9 8 0 0  9 8 0 1  9 8 0 2  9 8 0 3  9 8 0 4  9 8 0 5  9 8 0 6  9 8 0 7
* BOUNDARY_S PC_NODE
$ . . . > . . . . 1 . . . . > . . . . 2 . . . . > . . - . 3 . . . . > . . . . 4 . . . . > . . . . 5 . . . . > . . . . 6 . . . . > . . . . 7 . . . . > . . . . 8
$ N ID /N S ID  C ID  DOFX DOFY DOFZ DOFRX DOFRY DOFRZ
1 1 2 2 1  0 1 1 1 1 1 1
*LOAD_SEGMENT
$ . . . > . . . . 1 . . . . > . . . . 2 . . . . > . . . . 3 . . . . > . . . . 4 . . . . > . . . . 5 . . . . > . . . . 6 . . . . > . . . . 7 . . . . > . . . . 8
$ LCID  SF AT N1 N2 N3 N4
1 - 1 . 0  0 8 1 8 7  8 2 4 4  8 2 5 0  8 1 9 3
*DEF1NE_CURVE
$ . . . > . . . . 1 . . . . > . . . . 2 . . . . > . . . . 3 . . . . > . . . . 4 . . . . > . . . . 5 . . . . > . . . . 6 . . . . > . . . . 7 . . . . > . . . . 8
$ LCID  SID R  SFA SFO OFFA OFFO DATTYP
1 0 1 . 0  1 . 0  0 . 0  0 . 0  0
$ A1 01
0 . 0  0 . 0
8 .0 0 E - 0 6  3 4 .0 2 4 6 9 1 3 6
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